The behavior of ethanol oxidation on electro-deposited Ni-Pt electrodes was investigated using cyclic voltammetry and polarization curves in 0.4 M KOH solutions. The ethanol concentration was in the ranges of 0$0:25 M and 0$1000 ppm. The rate constants of Ni(OH) 2 /NiOOH and the ethanol oxidizing reaction on the Ni-Pt electrodes were calculated and the results were compared with those for Ni electrodes. The anodic current of Ni-Pt electrodes increased with the concentration of ethanol in the forward sweep in both ranges of ethanol concentration. The anodic and cathodic currents on Ni-Pt electrodes increased with scan rate at 0.1 M and 200 ppm concentrations of ethanol. No intersection of anodic current was observed on Ni-Pt electrodes. The kinetic parameters of Ni(OH) 2 /NiOOH and ethanol oxidation on Ni-Pt electrodes were determined by comparing the experimental results with kinetic equations. The anodic transfer coefficient of the Ni(OH) 2 /NiOOH reaction on Ni-Pt electrodes was larger than that on Ni electrodes while the rate constant, k c1 , of Ni-Pt electrodes was smaller than that of Ni electrodes.
Introduction
Nickel has been reported to be an efficient electrode for oxidation with various organic compounds. In an electrochemical system, the surface of nickel electrodes immersed in alkaline solutions produces a film of Ni(OH) 2 , which can be oxidized to NiOOH by applying the proper potential. The formation of NiOOH on nickel-based electrodes has been verified by using several techniques.
1) The redox couple of nickel, nickel hydroxide (Ni(OH) 2 ) and nickel oxyhydroxide (NiOOH), has been shown to be involved in the oxidation of alcohol at nickel electrodes in alkaline media and plays an important role in the electro-oxidation reaction of ethanol. For organic synthesis, NiOOH is a convenient oxidizing agent for obtaining carboxylic acids or carbonyl compounds with corresponding alcohols. 2) Platinum is a good electrocatalyst for the oxidation of methanol or ethanol in a fuel cell. It is chemically stable in acid or alkaline solutions. Since alloy materials have many superior characteristics to those of single metal materials in the catalysis of organic species, a nickel-platinum alloy was used as the electrocatalyst for ethanol oxidation in an alkaline solution in this work.
The kinetics of electro-oxidation on organic compounds using nickel electrodes has been previously investigated. [3] [4] [5] [6] However, the kinetic equations derived in the study of Fleischmann et al. 4) considered only two limited cases; i.e., low potential and high potential regions. These equations do not accurately describe the rather abrupt change between these limiting cases. Lo and Hwang 6) considered the kinetics of ethanol oxidation on electroless Ni-P/SnO 2 /Ti electrodes in KOH solutions with high ethanol concentrations. They concluded that electrochemical characteristics and mechanical properties of nickel electrodes can be improved by the electroless deposition of other metal or polymer particles. The rate constants for the electrochemical reaction were also determined. Kim and Park 7) showed that RuO 2 -modified electrodes improve electrocatalytic activity for ethanol oxidation.
In order to determine the performance of ethanol oxidation on Ni-Pt electrodes for a electrochemical ethanol sensor, Ni and Ni-Pt electrodes were prepared in this study using electro-deposition. The anodic oxidation behavior of ethanol on the electro-deposited Ni and Ni-Pt electrodes was examined using cyclic voltammetry and steady polarization. The kinetics parameters of ethanol oxidation on the Ni-Pt electrode were obtained and compared with those for the Ni electrode.
Experimental Method

Preparation of Nickel-base electrodes
The working electrodes were prepared using a previously described procedure. 8) Briefly, Au electrodes were screenprinted manually using a 250 mesh-size stainless steel screen onto an Al 2 O 3 substrate with dimensions 50 Â 15 Â 1 mm 3 . Gold paste was spread evenly over the screen pattern. The printed Au paste was cured at 850 C for 1 hour. The nickel layers were prepared using electrochemical deposition with 1 M NiCl 2 ÁxH 2 O solutions at an applied potential of À800 mV onto the Au/Al 2 O 3 substrate. The Ni-Pt alloy layers were prepared using electrochemical deposition in 1 M NiCl 2 ÁxH 2 O and 0.01 M H 2 PtCl 6 solutions at the proper potential on the substrate. After electroplating, the electrodes were rinsed with double deionized water. All chemicals utilized were of reagent grade without purification, and the solutions were prepared with double deionized water.
Electrochemical measurements
The experiments were carried out in a three-electrode electrochemical glass cell. Ag/AgCl (in saturated aqueous KCl) and the Pt plate were the reference and counter electrodes, respectively. The area of the working electrode, with respect to the Ni/Au/Al 2 O 3 and Ni-Pt/Au/Al 2 O 3 electrodes, was 0.1314 cm 2 . The electrolyte (0.4 M KOH) was prepared from analytical grade potassium hydroxide.
The current-potential curves and cyclic voltammetry were recorded using an electrochemical analysis system (CHI614a) at various concentrations of ethanol. For the polarization measurements, the electrodes were rotating disk electrodes, while for cyclic voltammetry measurements, the electrodes were plate electrodes. The rotating disk electrodes were manufactured by electro-depositing a Ni or Ni-Pt layer on the top of a stainless steel rod. The rod was sealed with Teflon tape to fix the area of the rotating disk electrodes at 1 cm 2 . The rotational speed was controlled at 1000 rpm by a ring-disk rotator (EG&G Model 636). All measurements were taken at 27 C. À1 . The redox pair, Ni(OH) 2 /NiOOH, was observed clearly, with the oxidation peaks at a potential of 480$650 mV and the reduction peaks at a potential of 95$270 mV. The oxidation peaks were related to the conversion of the nickel surface from Ni(OH) 2 to NiOOH, and the reduction peaks were related to the reduction of NiOOH to Ni(OH) 2 in the reverse scans. Oxygen evolution occurred at a potential of 800 mV. Analytical results of the experimental data indicate that the anodic and the cathodic peak currents increased with sweep rate. 6) suggested that a larger anodic current at the reverse scan is due to the large amount of intermediates produced near the electrode surface at high alcohol concentrations. These intermediates are not oxidized completely in the forward scan, resulting in higher current in the reverse scan.
The ethanol concentrations, but it did not appear at low concentrations of ethanol, as shown in Fig. 3 (b). This is attributed to the higher concentrations of ethanol oxidation intermediates being generated near the electrode surface at a lower potential sweep rates and not oxidizing completely to acetic acid. Thus, the remaining intermediates continued to oxidize to acetic acid entirely, increasing the anodic current in the reverse scan. Hence, an intersection appeared at a lower sweep rate.
6)
The anodic current intersection did not occur at higher potential sweep rates or at a low concentration of ethanol. This could be due to the fact that the thinner diffusion layer has a lower ethanol oxidation intermediates concentration in the forward scan at higher potential sweep rates; therefore, the intermediate effect was reduced in the reverse scan. 6) Both the anodic and cathodic currents increased with scan rate at ethanol concentrations of 0.1 M and 200 ppm. . This implies that Ni-Pt alloy efficiently electrocatalyzes the Ni(OH) 2 /NiOOH reaction or ethanol oxidation and reduces the amount of intermediates produced near the electrode surface in the reverse sweep. Ethanol or its oxidation intermediates generated near the electrode surface are believed to be completely oxidized to acetic acid.
Polarization curves of Ni electrodes in ethanol solutions
The polarization curves of anodic oxidation on electro- plated Ni electrodes in high and low ranges of ethanol concentration are shown in Fig. 7 (a) and 7(b), respectively. The rotation rate of the electrode was maintained at 1000 rpm because the mass transfer effect is eliminated at this high rotation rate.
6) The anodic oxidation current increased with an increase of ethanol concentration. For 0$0:25 M ethanol concentrations, ethanol oxidation began at the potential of 400 mV and the evolution of oxygen gas became visible at around 750 mV. For 0$1000 ppm, ethanol oxidation began at 400 mV, and oxygen evolved visibly at a potential of around 550 mV. A plateau-like current region was not apparent for high ethanol concentrations (Fig. 7(a) ), whereas an obvious plateau-like current region could be observed for low ethanol concentrations (Fig. 7(b) ). This suggests that the mass transfer effect was eliminated at 1000 rpm for high ethanol concentrations (0$0:25 M) but it could not be eliminated for low ethanol concentrations (0$21:739 mM). Ethanol oxidation might be dominated by the kinetic effect (electron transfer) at a rotation rate of 1000 rpm at high ethanol concentrations, and by mass transfer and electron transfer at low ethanol concentrations. In addition, the relationship between oxidation current and ethanol concentration was not linear for high ethanol concentrations, but it was roughly linear for low ethanol concentrations.
Polarization curves of Ni-Pt electrodes in ethanol solutions
The anodic polarization curves of electroplated Ni-Pt electrodes in high and low ranges of ethanol concentration are shown in Fig. 8(a) and 8(b) , respectively. The electrode rotation rate was set to 1000 rpm to eliminate the mass transfer effect. An increase of anodic oxidation current with ethanol concentration can be observed in Fig. 8(a) and 8(b) . Figure 8(a) shows that ethanol oxidation began at a potential of 400 mV, and oxygen evolved at a potential of 650 mV for 0$0:25 M ethanol concentrations. Ethanol oxidation began at a potential of 400 mV, and oxygen evolved at a potential of 550 mV for 0$1000 ppm ethanol concentrations, as shown in Fig. 8(b) . A indistinct plateau-like current region appeared for high ethanol concentrations (as shown in Fig. 8(a) ), and a very obvious plateau-like current region appeared for low ethanol concentrations (as shown in Fig. 8(b) ). The plateau-like current region results are different for Ni-Pt and electroplated nickel electrodes. This implies that the reactions of Ni(OH) 2 /NiOOH and ethanol oxidation that occurred on the electrode surface of Ni-Pt and Ni electrodes have different kinetic behavior. The relationship between oxidation current and ethanol concentration was non-linear in the high range of ethanol concentration and linear in the low range of ethanol concentration. This implies that the effect of mass transfer in low ethanol concentrations on the Ni or Ni-Pt electrodes could not be completely eliminated by maintaining the rotation rate of the electrode at 1000 rpm.
Kinetics of Ni electrodes in ethanol solutions
According to the literature, the reaction of ethanol with NiOOH is the rate-determining step in the overall reactions of the ethanol oxidation process.
6) The rate constants of Ni(OH) 2 /NiOOH and ethanol oxidation were determined by comparing experimental results with kinetic equations. The derivation of kinetic equations of ethanol oxidation and the method for solving rate constants described by Lo and Hwang were adopted in this work to calculate the rate constants of pure nickel and Ni-Pt alloy. The electrochemical reaction of the redox pair, Ni(OH) 2 /NiOOH, is reversible and can be expressed as:
where k 1 and k À1 are forward and backward electrochemical rate constants, respectively. The mechanisms of the anodic oxidation of ethanol through chemical reactions at a nickel electrode in alkali media can be written as: 3, 4, 8, 9) NiOOH
NiOOH þ intermediate 1
(a) (b) NiOOH
NiOOH þ intermediate 2
where k c1 , k c2 , k c3 , and k c4 are the rate constants. Figures 9(a) and 9(b) show the relationship between the current and concentration of ethanol as a function of potential within ranges of 0 to 0.25 M and 0 to 21.739 mM, respectively. The relationship between current and potential was linear for high ethanol concentrations but was non-linear for low ethanol concentrations for electroplated Ni electrodes. According to previous studies, 3, 4, 6) for nickel-based electrodes, the expression of k 1 , k À1 , and the relationship between current and the reaction rate can be respectively written as:
where k 10 and k À10 are the forward and backward rate constants of eq. (1) at E ¼ 0, respectively, is the anodic transfer coefficient, n 0 is the transfer number of electrons in the electrochemical reaction whose value is equal to 1. F is Faraday's constant, R is the gas constant, T is absolute temperature, E is the applied potential with respect to the Ag/AgCl reference electrode, and À s is the saturation coverage concentration of nickel oxides.
If no assumptions are made in eq. (8), it can be re-written as eq. (9), which includes the relationship between i À1 , C ethanol À1 , and the reaction rate.
The plot of i À1 versus C ethanol À1 of electroplated Ni electrodes has straight lines at various potentials, as shown in Fig. 10 , with an ethanol concentration of between 0 and 0.25 M. The plots of slopes and intercepts of the straight lines in Fig. 10 against expðÀFE=RTÞ and potential are shown in Fig. 11(a)  and 11(b) , respectively. The rate constants of k 1 , k À1 , and k c1 can be solved by comparing Fig. 11 with eqs. (6)- (7) and (9), respectively. The anodic transfer coefficient () of the electroplated Ni electrode was found to be 0.6757. The rate constants of k 1 and k c1 can be expressed as 2:0795 Â 10 À13 expð0:6757FE=RTÞ s À1 and 2:2671 Â 10 À7 cm 3 mol À1 s À1 , respectively.
Kinetics of Ni-Pt electrodes in ethanol solutions
For Ni-Pt electrodes, the relationship between the current and concentration of ethanol as a function of potential within ranges of 0 to 0.25 M and 0 to 21.739 mM is shown in Fig. 12(a) and 12(b) , respectively. A non-linear relationship between current and potential was observed for both the high or low ranges of ethanol concentration, as shown in Fig. 8  and 12 . To calculate the rate constants of Ni-Pt electrodes, i À1 against C ethanol À1 was plotted. Figure 13 shows the straight lines between i À1 and C ethanol À1 at various potentials for an ethanol concentration of between 0 and 0.25 M. The plots of slopes and intercepts of straight lines in Fig. 13 against expðÀFE=RTÞ and potential are shown in Fig. 14(a)  and 14(b) , respectively. k 1 , k À1 , and k c1 of eqs. (1) and (2) for Ni-Pt electrodes were calculated and are listed in Table 1 . For electroplated Ni-Pt electrodes, the anodic transfer coefficient, , is 0.8956. k 1 and k c1 can be expressed as 1:0214 Â 10 À15 expð0:8956FE=RTÞ s À1 and 4:8637 Â 10 À8 cm 3 mol À1 s À1 , respectively. The results show that the anodic transfer coefficient on electrodeposited Ni-Pt electrodes is larger than that on electrodeposited Ni electrodes, which suggests that the incorporation of platinum into nickel electrodes may benefit the transformation of Ni(OH) 2 into NiOOH. However, the rate constant k 10 of Ni-Pt electrodes is smaller than that of Ni electrodes. This shows that k 1 of Ni-Pt electrodes is smaller than k 1 of Ni electrodes at the low potential range. When anodic potential was more than 0.63 V, k 1 of the Ni-Pt electrode was bigger than that of the Ni electrode, as shown in Fig. 15 . This may be attributed to the catalyst of platinum lowering the active energy of Ni(OH) 2 to NiOOH. The structure of the Ni-Pt electrode is more stable than that of the Ni electrode, so the Ni-Pt material requires higher potential to be activated. The k c1 of the Ni electrode is larger than that of the Ni-Pt electrode. This implies that the addition of platinum does not have a catalytic effect on the chemical reaction of ethanol oxidation in KOH solutions. It can be concluded that the addition of platinum may assist the electro-oxidation of the redox pair rather than the chemical reaction of ethanol oxidation in KOH solutions at the applied potential range for the electro-oxidation of Ni(OH) 2 /NiOOH.
Performance of various catalysts for ethanol oxidation under various experimental conditions
The results obtained in this study were compared with those reported in the literature, [10] [11] [12] [13] [14] as shown in Table 2 . The electrochemical oxidation of ethanol on different electrode materials in alkaline and acid media can be observed. In Table 2 , the onset potential of ethanol oxidation on the Pt-based electrocatalyst starts from negative potential in alkaline media; it can be shifted to more negative or positive potential by modifying the electrode materials. This implies that Pt catalyst is a good electrocatalyst for ethanol oxidation whose onset potential starts from negative potential in alkaline media although Pt and Pt-based electrocatalysts have clear anodic oxidation peaks that start from positive potential in acid electrolytes. This explains the results of the electrochemical oxidation of ethanol on the Ni-Pt electrodes in this study. The electro-oxidation of ethanol on different electrocatalysts occurs in different potential ranges and the electro-activity of electrocatalysts for ethanol oxidation are different with different electrode materials and electrolytes.
Conclusion
The electrochemical oxidation of ethanol was investigated on electro-deposited Ni-Pt electrodes in 0.4 M KOH solutions. The behavior of ethanol oxidation on the electrodes was studied using cyclic voltammetry and polarization curves. The experimental results show that the anodic current of Ni-Pt electrodes increased with the concentration of ethanol in the forward sweep in 0$0:25 M and 0$1000 ppm of ethanol concentration. The anodic and cathodic currents on Ni-Pt electrodes both increased with a scan rate at 0.1 M and 200 ppm concentrations of ethanol. No intersection of anodic current was observed on Ni-Pt electrodes. The kinetic parameters of Ni(OH) 2 /NiOOH and ethanol oxidation on Ni-Pt electrodes were determined by comparing the experimental results with kinetic equations. The rate constants of electrochemical reactions on the Ni-Pt electrode were investigated by comparing them with the rate constants of the Ni electrode. The results show that the anodic transfer coefficient of Ni(OH) 2 /NiOOH reaction on the Ni-Pt electrode was larger than that of the Ni electrode, although the rate constant, k c1 , of the Ni-Pt electrode was smaller than that of the Ni electrode. It can be concluded that the addition of platinum in the Ni electrode assists the reaction of Ni(OH) 2 /NiOOH; however, the addition of platinum in the Ni-Pt electrode does not significantly improve the rate of the ethanol oxidizing reaction in KOH solutions at the applied potential range for the electro-oxidation of Ni(OH) 2 /NiOOH.
